ABSTRACT: With the worldwide move towards single embryo transfer there has been a renewed focus on the requirement for reliable means of assessing embryo viability. In an era of 'OMICS' technologies, and algorithms created through the use of time-lapse microscopy, the actual appearance of the human embryo as it progresses through each successive developmental stage to the blastocyst appears to have been somewhat neglected in recent years. Here we review the key features of the human preimplantation embryo and consider the relationship between morphological characteristics and developmental potential. Further, the impact of the culture environment on morphological traits, how key morphological qualities reflect aspects of embryo physiology, and how computer-assisted analysis of embryo morphology may facilitate a more quantitative approach to selection are discussed. The clinical introduction of time-lapse systems has reopened our eyes and given us a new vantage point from which to view the beauty of the initial stages of human life. Rather than a future in which the morphology of the embryo is deemed irrelevant, we propose that key features, such as multinucleation, cell size and blastocyst differentiation should be included in future iterations of selection/deselection algorithms.
Introduction
The benefits of single embryo transfer to the mother and child are well established (Vilska et al., 1999; Adashi et al., 2003; De Neubourg and Gerris, 2003; Bergh, 2005) . Advances in embryo culture systems have not only resulted in significant increases in implantation and pregnancy rates, but also have facilitated the routine development of viable human embryos in the IVF laboratory for up to 6 days Quinn, 2004; Swain, 2015; Wale and Gardner, 2015) , creating the ability to transfer the embryo to the patient at any stage during the preimplantation period. Whichever stage of development and day of transfer is adopted as routine for a particular clinic, the transfer of just one embryo to the uterus following IVF has become a priority objective of assisted human conception Vilska et al., 1999; Gardner et al., 2000; Sutter et al., 2003; Thurin et al., 2004) . However, in order to maximize the possibility of attaining a successful pregnancy, the ability to select the embryo with the highest developmental potential is paramount. Such ability will significantly reduce time to pregnancy and facilitate the ranking of the remaining embryos that undergo cryopreservation, in order to ensure the subsequent transfer of the more viable embryo first (Bergh, 2005 .
Since the inception of human IVF, the morphology of the resultant embryos has been the primary method utilized by embryologists to assess development and to select embryos for transfer (Edwards et al., 1984; Cummins et al., 1986) . Over time, elegant grading systems have been developed in an attempt to quantitate embryo development and viability, which has proven more difficult than perhaps expected, due to the highly dynamic nature of the embryo during the preimplantation period. In other words, an embryo scored at 8 a.m. on Day 2 may look very different if it were scored at noon on the same day (Bavister, 1995) . Consequently, it is extremely difficult to interpret data on morphology without including time as a linked variable. Historically, assessing embryos at specific time points on each day has been used to address this issue. Although this does circumvent some of the issues associated with the grading of embryos, discrete temporal analyses, requiring the removal of the embryo from the incubator for assessment on a microscope, can only provide snapshots of events during the highly dynamic preimplantation period of development. In spite of this restricted temporal analysis, key morphological characteristics of the embryo do appear linked to developmental potential (Rhenman et al., 2015) .
Fortuitously, with the recent introduction of time-lapse microscopy into the human IVF laboratory, we are entering a new era in embryology, whereby it is possible to assess embryo morphology as a continuum, capturing images every few minutes (Pribenszky et al., 2010; Wong et al., 2010; Meseguer et al., 2011) . Of note, almost all publications to date using time-lapse microscopy have focused on identifying the times of specific cleavage events, and subsequently using this information to create algorithms to assist with embryo deselection. This approach has been extremely valuable in identifying key times during development that are both positively related to outcome, i.e. time of pronuclei fading, first cleavage, duration of cell cycles etc., and events negatively related to outcome, i.e. direct cleavage of the pronucleate oocyte to the 3-cell stage, or reverse cleavage of the cleavage stage embryo. Intriguingly, other well-characterized morphological parameters such as pronuclei features, blastomere size, symmetry, fragmentation and mulitnucleation are not typically incorporated into the growing number of algorithms being developed in order to deselect human embryos within a cohort (Motato et al., 2016; Petersen et al., 2016) .
So what does history tell us about the significance of key embryo morphological features and the relationship between morphology and viability, and should these parameters still be recorded and used in the embryo selection process, given that they do not feature in the new morphokinetic algorithms? Is looking good important? Further, are there any key morphological traits that reflect the physiology of the embryo and/or its chromosomal complement?
Here, we present morphometric data on successive developmental stages of human preimplantation embryo development, and discuss the significance of specific morphological parameters and provide visual examples of key morphological characteristics. Morphology is considered in the context of time-lapse microscopy, and furthermore the relationship to embryo physiology and karyotype considered. Morphokinetic analysis of data and the subsequent generations of algorithms for embryo deselection are not covered here, as this is covered by Castelló et al. (this issue) . We conclude that rather than a future of embryo deselection/selection reliant on algorithms based solely on kinetic data, or the exclusive use of biomarkers, the data herein support the inclusion of key morphological data in the selection process.
Pronucleate oocyte
The initial period of development following fertilization is highly dynamic with the emission of the second polar body, decondensation of the sperm head, pronuclei formation, their subsequent increase in size and finally the breakdown of the pronuclear membrane. Concomitantly there is a materialization and movement of the nucleolar precursor bodies within the pronuclei. Hence the time at which this stage of development is assessed is crucial. Payne and colleagues were the first to document early events during the embryo's first cell cycle using time-lapse video cinematography, detailing waves of cytoplasmic granulation which exhibited 20-53 min periodicity, the length of which related to embryo quality (quantifying the appearance of blastomere cytoplasm is something we shall return to later). The appearance, growth and subsequent abuttal of the pronuclei, and concomitant nucleolar movement within were all documented (Payne et al., 1997) . Subsequently, two independent groups focused on the significance of the nucleolar precursor bodies, considering their number and distribution, both demonstrating that pronuclear morphology based on the alignment and number of nucleoli within each nucleus can be used to predict the developmental fate of human embryos without requiring repeated observations (Scott and Smith, 1998; Tesarik and Greco, 1999) . Based on these findings Scott and colleagues further developed their pronuclear scoring system that could be employed for both Day 3 and Day 5 transfers, increasing implantation rates and reducing the number of embryos required to achieve pregnancy (Scott et al., 2000) . Other studies followed to investigate the prognostic value of pronuclear morphology assessment for cleavage stage as well as blastocyst stage embryo transfers (Balaban et al., 2001; Balaban and Urman, 2003) . The Alpha-ESHRE consensus on embryo assessment (2011a, b) proposed using a three category grading system for pronuclei with symmetrical (equivalent to Z1 and Z2 as suggested by Scott et al., 2000) being category 1 as good quality, symmetrical (all other arrangements, including peripherally sited pronuclei as suggested by Scott et al., 2000) , being category 2 representing medium quality, and abnormal (pronuclei with zero or one nucleolar precursor body as suggested by Scott et al., 2000) being category 3 representing the lowest quality (Alpha Consensus, 2011a, b) . As well as pronuclear morphology, Garello and colleagues went on to consider the pronuclear orientation together with the positions of the polar bodies (Garello et al., 1999) . Analysis of pronucleate oocytes resulted in the calculation of the angle β representing the angle between a line drawn through the axis of the pronuclei and the position of the furthest polar body. An increase in angle β was associated with poor embryo development. More recently such parameters have been re-investigated using timelapse technology; the timing of second polar body extrusion, pronuclear fading and length of S-phase were all associated with successful implantation (Aguilar et al., 2014) . Fig. 1 summarizes key parameters associated with successful transfer outcome. Analysis of the pronucleate oocyte reveals much about the quality of the oocyte itself and the potential of the fertilized egg. However, data obtained at this stage of development is highly time-dependent, hence standardizing the time of fertilization through ICSI or the use of 1 h insemination periods will greatly increase the reliability of morphometric analysis. Consequently, it is important to either stick firmly to designated times for observation, or take advantage of time-lapse microscopy.
Cleavage stage embryo
Assessment of the cleavage stage embryo by using morphological characteristics is multivariate and complex. Percentage and localization of fragmentation, evenness of the blastomeres, multinucleation and speed of cleavage are the most widely examined features to evaluate the quality of a cleavage stage embryo on Day 2 and Day 3. Numerous studies on the association of cleavage stage morphology and embryo development and implantation outcome have been reported. Studies published by the group of Gerris focused on parameters during the cleavage stages that are associated with subsequent embryo viability Van Royen et al.,1999) . By examining images of embryos that had been shown to have high implantation potential post-transfer following single embryo transfer, Gerris and co-workers were able to identify key parameters associated with successful transfer outcome. The characteristics of such 'top quality' embryos included 4 or 5 blastomeres on Day 2, and at least 7 blastomeres on Day 3 after fertilization. Embryos had to exhibit <20% fragmentation and show no signs of multinucleation. Such data were subsequently validated in a larger trial (de Neubourg et al., 2004 (i) number of nucleolar precursor bodies (NPB) in both pronuclei never differed by more than 3 (ii) NPB are always polarized or notpolarized in both pronuclei but never polarized in one pronucleus and not in the other (iii) angle β from the axis of the pronuclei and the furthest polar body is less than 50° β Figure 1 Key morphological features of human embryos with high viability. ICM, inner cell mass; TE, trophectoderm. Rienzi et al. (2005) suggested a cumulative classification scheme based on the most essential morphological features that should be examined to evaluate a cleavage stage embryo. Proposed morphological parameters were cleavage rate, blastomere symmetry, cytoplasmic appearance, extent of fragmentation and blastomere nucleus status. This grading scheme was shown to efficiently predict blastocyst formation and implantation. Scott et al. (2007) demonstrated that Day 1 pronucleus morphology and nucleolar precursor body ratio, Day 2 cell number, blastomere symmetry and nucleation, and the ability to cleave from Day 2 to Day 3 were the six most significant factors associated with subsequent fetal development.
Multinucleation, which is defined as a blastomere containing more than a single interphase nucleus, is a very important morphological feature of a cleavage stage embryo, and appears to have a detrimental effect on viability and implantation potential. The reported multinucleation rates per treatment with classical morphological evaluation varies enormously in the literature. For example, Balakier and Cadesky (1997) demonstrated that at least 44% of the patients had one or more embryo with multinucleation. In contrast, Jackson et al. and Van Royen et al. both documented up to 80% of cycles being affected by at least one embryo showing mulitnucleation (Jackson et al., 1998; Van Royen et al., 2003) . Such differences may be attributed to differences in times at which embryos were assessed.
Different possible mechanisms leading to multinucleation include karyokinesis without cytokinesis, partial fragmentation of nuclei or defective migration of chromosomes at mitotic anaphase (Munne and Cohen, 1993; Staessen and Van Steirteghem, 1998) . Multinucleation has been correlated with higher risk of chromosomal abnormalities (Kligman et al., 1996; Hardarson et al., 2001) , higher degree of fragmentation and number of blastomeres on Days 2 and 3 (Van Royen et al., 2003) as well as uneven cell size . Yakin et al. (2005) reported from a retrospective study of 5982 embryos in 619 blastocyst stage transfers that the detection of multinucleated blastomeres either on Day 2 or Day 3 signifies a poor prognosis for blastocyst formation and that no good quality blastocyst can be obtained from an embryo with more than one multinucleated blastomere (Yakin et al., 2005) . Not surprisingly, the transfer of cleavage stage embryos with multinucleated blastomeres has been shown to result in lower implantation, pregnancy and birth rates (Jackson et al., 1998; Hardarson et al., 2001; De Neubourg et al., 2006) .
The presence of multinucleated blastomeres in human embryos appears to be an accepted factor affecting the viability of the embryo (Meriano et al., 2004; Ambroggio et al., 2011) , and consequently recording this morphological feature should be incorporated in grading schemes. Ergin and colleagues recently determined that time-lapse monitoring is a valuable means to identify all cases of multinucleation (Ergin et al., 2014) . If the multinucleation evaluation timings by the static grading scheme (Alpha/ESHRE consensus grading scheme) were used, one could only identify 27.6% of all embryos with multinucleated blastomeres that were detected using dynamic evaluation over time. The Ergin study on 686 embryos from 511 ICSI cycles revealed that clinical pregnancy and implantation rate of cycles with multinucleated embryo transfers is significantly lower compared with cycles with no multinucleated embryos (clinical pregnancy: 23.4% versus 44%; implantation rate: 23.3% versus 43.6%, respectively). Similarly, Desai et al., (2014) observed a far higher incidence of multinucleation (25%) than that obtained through static observations on Day 2 (<5%) (Desai et al., 2014) .
As significant as morphological features appear, it was also observed that time to first cleavage was strongly associated with transfer outcome Sakkas et al., 2001; Salumets et al., 2003; Van Montfoort et al., 2004) . Hardarson and colleagues reported that early-cleaving embryos are more likely to cleave evenly, which is strongly correlated with a lower incidence of chromosomal errors . The assessment of early cleavage, as for all morphologic assessments, should therefore be performed at a standardized time (26-28 h post-insemination), as embryos cleaving earlier than 20 h post-insemination might have a poorer prognosis. Assessment of early cleavage can also be used to identify zygotes that cleave directly into three or more cells, which has been shown to be associated with chromosomal abnormality (Hardarson et al., 2006) . While many parameters have been reported to correlate with blastocyst development and implantation, relatively few articles have focused on the interdependence and relative weight for individual parameters. The studies by Holte et al. (2007) and Guerif et al. (2007) examined the relative weight of such cleavage stage morphological parameters and determined that cell number, equal blastomere size and the number of mononucleated blastomeres on Day 2 were the most predictive markers of blastocyst development and implantation potential (Guerif et al., 2007 , Holte et al., 2007 . Rienzi et al. (2005) had also indicated that cell number is the most critical factor determining the viability fate of the embryo not only on Day 2 but also on Day 3, suggesting that the optimal cleavage speed can be defined as 4 or 5 cell on Day 2 at 44-46 h post-insemination, and more than 6 cells (7-9 cell) on Day 3 at 66-68 h post-insemination for the optimal blastocyst formation rate and implantation success (Rienzi et al. 2005) . Recently, Rhenman and colleagues have confirmed the association of live birth rate with embryo cell number, mononucleation, degree of fragmentation and equal size of blastomeres (Rhenman et al., 2015) . Looking to the future, Peternot and colleagues have employed a computer-assisted scoring system to decrease variation in embryo grading at the cleavage stages (Paternot et al., 2011 (Paternot et al., , 2013 . They too have confirmed that implantation rate is affected by cell number and size of blastomeres on Day 3.
In support of the above reports the latest Cochrane review on cleavage stage versus blastocyst stage embryo transfer suggested that the most favorable group for blastocyst transfers was the good prognosis patient group in which higher numbers of 8 cell embryos are present on Day 3 (Glujovsky et al., 2012) . It was also considered that the blastocyst formation and implantation outcome is strongly correlated with the cell number of embryos not only on Day 2 but also on Day 3, as originally reported by Shapiro et al. (2000) and by Langley et al. (2001) . Suggestion of a certain number of cells at a certain time point shows that too slow or too fast cleavage have a negative impact on the implantation rate .
So it would appear that several morphological features of the cleavage stages are associated with implantation rate and/or subsequent blastocyst formation. See Figs 1 and 2, and Table I for details of key morphological features of the cleavage stages. It is not only cell number, but also cell size/symmetry and mulitnucleation which are amongst the most important determinants of developmental potential.
Morula
Of all developmental stages, the morula is the least characterized. Prior to the advent of time-lapse, this was presumably to avoid removing the dish from the incubator for scoring on Day 4 when morulae typically form. Of note, compaction has been recognized as one of the key developmental events during the preimplantation period and has a profound effect on how the embryo develops in culture Sub-optimal features shared by pronucleate oocytes with medium/low viability: (i) Number of nucleolar precursor bodies (NPB) differ by more than 3 (ii)
Angle ß from the axis of the pronuclei and the furthest polar body is more than 50S
ub-optimal features shared by pronucleate oocytes with medium/low viability: (i)
Number of nucleolar precursor bodies (NPB) differ by more than 3 (ii)
Distribution of NPB being polarized in one pronuclei, whereas it's non-polarized in the other Sub-optimal features shared by 2-cell embryos with medium/low viability:
Unequal cell size Sub-optimal features shared by 2-cell embryos with medium/low viability (i)
Unequal cell size 20% fragmentation Sub-optimal features shared by 4-cell embryos with medium/low viability:
Unequal cell size Figure 2 Key morphological features of human embryos with medium to low viability. Although it is possible for embryos with medium to low viability to share some of the features of those embryos with high viability (such as polarized nuclei at the pronucleate oocyte stage, mononucleate blastomere with <20% fragmentation during the cleavage stages, and even an expanded blastocoel cavity on Day 5 of development), other aspects of their morphology do not align with embryos of higher viability. For example, in the pronucleate oocyte although both pronuclei can be aligned, developmental capacity is deemed reduced due to other characteristics being altered, such as differences in the number of nucleolar precursor bodies differing by more than 3, or the angle β from the axis of the pronuclei and the furthest polar body being greater than 50°. Similarly, in the cleavage stages, although the blastomeres may have <20% fragmentation, they may exhibit other characterisitics associated with reduced vaility, such as multinucleation and/or unequal size. Finally, in the blastocyst, although the blasocoel is expanded the inner cell mass (ICM) and trophectoderm (TE) may be poorly developed, reflecting compromised implanation potential. (Biggers et al., 1988; Fleming and Johnson, 1988; Gardner et al., 2002; Wale and Gardner, 2015) . Hence it is logical to assess the morphology of the embryo on Day 4 during this critical phase of development, given that such data can now be readily accessed through time-lapse imaging. During compaction the blastomeres establish tight junctions to facilitate the formation of the first transporting epithelium of the conceptus (Biggers et al., 1988) . This event is a pre-requisite for the embryo to control its internal environment and to facilitate the formation of the blastocoel (Watson et al., 1992) . Furthermore, upon compaction the embryo increases its ability to regulate changes in internal pH, and should the embryo de-compact it loses this ability (Edwards et al., 1998) . Consequently compaction is a worthy parameter to score given its significance to embryo physiology. Tao et al. (2002) developed a system whereby embryos were scored from 1 to 4 in order to classify human development and concluded that the assessment of embryo morphology on Day 4 was of value for embryo selection. In a follow-up publication the same group concluded that their highest grade morulae had significantly higher post-thaw survival and were transferred at a higher frequency than embryos with lower grades (Tao et al., 2004 ). Ebner and co-workers examined the degree of cellular compaction on Day 4, and determined that those embryos which were fully compacted gave rise to significantly more, and higher quality, blastocysts (Ebner et al., 2009 ). Feil et al. (2008 subsequently developed a modified four-step grading system, and determined that there was a trend to lower pregnancy rates with decreasing score and that embryos scoring the lowest grade failed to establish a pregnancy. Overall, transfer of morulae exhibited equivalent pregnancy rates to Day 5 transfers. Ivec et al. (2011) assessed the degree of fragmentation associated with human morula and categorized embryos into one of three grades, establishing a negative correlation between fragmentation and blastocyst quality. Key features of the morula are discussed in Fig. 1 . Further data on this key stage of development are needed, and potentially the degree of compaction can be assessed through computer-assisted image analysis.
Blastocyst
With the clinical introduction of routine blastocyst transfer in human IVF Gardner et al., 1998) , a number of grading systems have been developed to describe the morphology of the Sub-optimal features shared by 4-cell embryos with medium/low viability:
Unequal cell size Sub-optimal features shared by day 3 embryos with medium/low viability:
Unequal cell size 35% fragmentation Sub-optimal features shared by morulae with medium/low viability:
Non-participation of all cells in compaction 20% fragmentation
Sub-optimal features shared by blastocysts with medium/low viability:
Loosely formed ICM composed of few cells Loosely formed epithelium made up from few cells in the TE Figure 2 Continued embryo from late Day 4 to Day 6. Grading of blastocysts initially focused on the rate of expansion, with subsequent classifications including analysis of cell allocation to the two lineages of the inner cell mass (ICM) and trophectoderm (TE). Evident advantages of assessing the blastocyst stage include the fact that one is assessing the embryo proper (while the morphology of the cleavage stages reflects primarily oocyte competence), and that one has the capacity to examine cell allocation into discrete lineages, potentially providing more information. Analysis of the rate of expansion alone (how big the blastocyst is at discrete times) has some physiological merit, given that the formation of the blastocoel requires the formation of a competent epithelium and is energetically expensive. Hence the embryo must possess some degree of metabolic competency to create the ionic gradient required to allow fluid to accumulate within the morula and coalesce to form a blastocoel. The ionic gradient required to enable fluid transport is facilitated by the action of Na/K ATPases situated in the basolateral membrane of the TE cells, and takes a large percentage of the embryo's energy to create and maintain the blastocoel cavity (Biggers et al., 1988; Watson et al., 2004) . Analysis of the degree of expansion is compounded somewhat by the well-documented pulsatile nature of the blastocyst, which collapses and re-expands during its development. However, one can discern whether there was prior expansion of a blastocyst to some extent by the thickness of the zona, as an expanding blastocyst will induce changes in the shape of the surrounding zona, which does not resort back to its original form when the TE collapses. Hence, each blastocyst leaves its own 'expansion history' within the zona's morphology.
Several groups have considered whether the degree of blastocoel expansion is related to transfer outcome (Dokras et al., 1993) . Such an approach has practical merit due to the fact that diameter can be quantitated and done so relatively quickly. Shapiro and colleagues measured the degree of expansion in blastocysts from 93 women and demonstrated that the timing of blastocoel development, and grade of expansion, are important predictors of implantation potential, with implantation rates of 43% for embryos transferred to women receiving only expanded blastocysts, compared to 17% for less well developed blastocysts (Shapiro et al., 2000) .
Gardner and Schoolcraft (1999) developed a more comprehensive alphanumeric system, designed to incorporate both the degree of blastocoel expansion and the quality and cell number of the two cell lineages. Initially, blastocyst expansion rate was characterized by numbers: 1 (early blastocyst) where the blastocoel is less than half the volume of the embryo; 2 (blastocyst), with blastocoel being greater than or 
18-19 h post-insemination/ICSI Score
The fertilized embryo is examined for: PN: pronuclei, NPB: nucleolar precursor body. A multiple step scoring system that encompasses several criteria would allow the allocation of a score to those embryos that attain a defined hurdle at each step of assessment. The scoring would therefore be based on positive points at each step. Embryos that do not show the required pattern of development at the specific time would not score. The maximum score for a perfect embryo over 5 days would be 180. Modified from Gardner and Sakkas (2003) .
equal to half the volume of the embryo; 3 (full blastocyst), with the blastocoel completely filling the embryo; 4 (expanded blastocyst), the blastocoel volume is larger than full blastocyst characterized by a thinning of the zona pellucida; 5 (hatching blastocyst), the TE starts to herniate through the zona pellucida, and 6 (hatched blastocyst) where the blastocyst has completely escaped from the zona pellucida. Subsequent analysis of both the ICM and TE quality was then performed for blastocysts that scored as grade 3 or higher, in which both cell types are clearly evident. ICM quality was characterized by three grades: A, a tightly packed ICM with many cells; B, loosely grouped ICM with several cells, and C, very few cells and disorganized. Trophoectoderm quality was defined by a further three grades: A, denoting TE with many cells forming a cohesive epithelium; B, few cells forming a loose epithelium, and C, very few large cells. Consequently, a fully expanded blastocyst with a tightly packed ICM and multicellular epithelium was graded '4AA' (see Fig. 1 for the characteristics of a 4AA blastocyst). The rationale behind this analysis of both ICM and TE appearance was based upon the desire to semi-quantitate the degree of mitosis which had occurred in each of the cell types, given that in animal models total cell number and ICM development are associated with fetal development (Iwasaki et al., 1990; Lane and Gardner, 1997) . Using this scoring system it was revealed that there was a strong correlation between the clinical outcome (implantation rates, pregnancy and twinning rates) and the morphological grade of blastocysts. In a pilot study on 107 patients undergoing culture and transfer of two blastocysts, for a patient receiving two top scoring blastocysts (≥3AA) the implantation and pregnancy rates were 70% and 87% respectively, with a 61% twinning rate. When only one top quality blastocyst was available for transfer, the implantation and pregnancy rates were 50%, and 70% respectively, with a twinning rate of 50%. In contrast, when only low-scoring blastocysts (<3AA) were available for transfer, implantation and pregnancy rates were 28% and 44% respectively, with a twinning rate of 29%. These data helped to validate the grading system and created the ability to select one high-scoring blastocyst for transfer with a resultant pregnancy rate greater than 60%, without the complication of twins. This initial study was successively validated on a much larger sample of 790 patients, showing the same relationship between blastocyst score and transfer outcome (Gardner et al., 2007) . However, in these initial studies, the relative contribution of the ICM or TE to transfer success was not established.
In a subsequent retrospective analysis of 968 single blastocyst transfers by Ahlstrom and colleagues it was determined that although blastocyst expansion and ICM grade were significant predictors in both univariate and multivariate analyses, they were not predictors of live birth when analyzed by stepwise logistic regression (Ahlstrom et al., 2011) . Rather it transpired that the TE was the most important determinant of successful transfer outcome. Analysis revealed that a 4BA blastocyst had a statistically greater chance of forming a live newborn than a 4AB blastocyst for all female ages, and that a 3BA blastocyst was more likely to go to term than a 4AB. These data have been supported by the work of Hill and others, who found that live birth rates were 57%, 40% and 25% for the TE grades of A, B and C, respectively (Hill et al., 2013) . ICM quality was found not to have an impact on implantation or live birth. An analysis of over 3000 cycles by Thompson and colleagues again revealed that TE grade and degree of expansion were the parameters most strongly associated with pregnancy and live birth rate (Thompson et al., 2013) , and such observations have been further corroborated by a recent report of Ebner et al. (2016) . Such data therefore challenges previously published works, which would indicate that the ICM grade was more important than TE grade Shapiro et al., 2001; Kovacic et al., 2004) .
What is the physiology underlying the significance of the TE grade as the most important parameter, given that one may initially consider the ICM grade to have the greatest impact on transfer outcome as it contains progenitors of the fetal cells? An answer to this apparent conundrum may reside in the significance of the TE during the initiation and progression of implantation, and that a healthy TE facilitates appropriate implantation. A larger number of TE cells (and hence the highest grade somewhat independent of degree of expansion) will be able to ensure greater signaling and interaction with the endometrium. Classically it has been considered that the TE produces hCG as one of the earliest signals to the mother (Herrler et al., 2003) . However, it has recently been proposed that lactate production by the blastocyst, which will be derived primarily from the TE, has several key functions in regulating the implantation process (Gardner, 2015) , which gives further credence to the importance of a good TE grade in predicting implantation potential.
So is the ICM grade relevant? In support of including the ICM grade for assessing the blastocyst, Van den Abbeel and colleagues determined that actually all three parameters of the blastocyst (degree of expansion, ICM and TE quality) were significantly associated with pregnancy and lives birth rates (Van den Abbeel et al., 2013) . Perhaps of greater interest, it was also revealed that transfer of blastocysts with an 'A' grade ICM reduced the incidence of pregnancy loss (Van den Abbeel et al., 2013) . A recent report has also determined that ICM grade is positively associated with birthweight (Licciardi et al., 2015) . From a physiological perspective, consideration must be given to the fact that the TE and ICM do not exist in isolation, but rather co-exist as a functional unit. For example, although it is the TE which creates a unique environment for the ICM by the synthesis of blastocoel fluid (characterized by a higher lactate environment than the surrounding culture medium; Brison et al., 1993) , it is the ICM itself that regulates the proliferation and activity of the TE in the mouse blastocyst (Gardner and Johnson, 1972; Ansell and Snow, 1975; Snow et al., 1976) . Consequently, it would appear prudent to keep grading both the ICM and TE and to use both parameters in decisions regarding the fate of an embryo.
The methodological weakness of the data described above examining the primary predictive morphological parameter of the human blastocyst, is that such studies are retrospective. More prospective randomized trials are clearly required in order to elucidate the predictive value of different morphological markers of human blastocysts, and perhaps improve the grading system according to updated evidencebased data. To facilitate such further works, Wells and colleagues have considered using semi-quantitative systems for analysis of blastocysts to reduce subjectivity and in order to increase precision of data acquisition (Santos Filho et al., 2012) . More recently Singh and others have reported on a fully automated method for the quantification of the cell lineages of the blastocyst (Singh et al., 2015) . The inclusion of such image analysis into modern time-lapse systems holds great promise for the quantification of embryo grade.
Impact of laboratory conditions on embryo morphology
Reports on embryo morphology have not always considered the environment in which the embryo developed. The very conditions in which an embryo is cultured in vitro, have themselves the capacity to affect the morphology of the developing embryo. This, therefore, makes standardizing grading systems and interpreting data between clinics particularly problematic. For example, the supplementation of culture medium with serum will alter the appearance of embryos dramatically. Serum is characterized by different levels of lipids depending on the diet and etiology of the patient. These lipids are readily sequestered by the embryo, forming vesicles which make the embryo take on a darker and often vesicular or pitted appearance (Gardner, 1994) . Serum can also induce premature cavitation (Walker et al., 1992; Thompson et al., 1995) , giving the false impression of a rapidly cleaving embryo. For instance, Dokras et al. (1993) used a culture system employing 10% maternal serum and 20% oxygen; the morphology of blastocysts cultured in such conditions, as shown in the figures of the publication by Dokras (Dokras et al., 1993) , share little resemblance to the blastocysts cultured in modern defined serum-free systems today. Furthermore, it is feasible that albumin supplements can also affect embryo morphology. There exists a number of commercially available protein supplements, which contain many unidentified/non-disclosed components (Morbeck et al., 2014) , and further can vary considerably in their amount of sequestered lipids. Hence, different albumin sources could feasibly affect embryonic appearance.
Other factors known to impact embryo development, such as temperature, pH, and group culture will affect the grading of an embryo. Should temperature decline, so too will the rate of cleavage. Similarly, should the pH of the medium drift (typically towards an alkaline direction), this too could be related to slower development (Swain, 2015; Wale and Gardner, 2016) . Similarly, if an oxygen concentration of 20% is used, this will retard embryo development and the development of the ICM will be compromised (Karagenc et al., 2004; Wale and Gardner, 2010; Kirkegaard et al., 2013; Kelley and Gardner, 2016) . Hence embryos cultured in 20% oxygen (atmospheric) could conceivably score lower on their ICM grading. Further, it is known that male and female embryos differ in their physiologies prior to implantation (reviewed by Gardner et al., 2010) , and that different culture environments, such as nutrient levels, type of protein supplement and oxygen concentration, can affect embryo development in a gender-specific fashion (reviewed by Wale and Gardner, 2015) .
Karyotype and morphology
It is evident that embryos with abnormal karyotypes have the capacity to develop through the preimplantation period, given specific trisomies are compatible with the formation of high-scoring blastocysts (Forman et al., 2013; Figueira et al., 2015) . Further, some trisomies, such as 21, are able to go through to term delivery. With regards to a possible relationship between an embryo's morphology and its karyotype, Hardarson et al. (2001) determined that there was a statistically higher percentage of aneuploidy in embryos with uneven blastomeres. Balaban went on to show that pronuclear morphology, as assessed by the Tesarik and Greco grading scheme (Tesarik and Greco, 1999) , was associated with the chromosomal constitution of the embryo (Balaban et al., 2004) . Yilmaz et al., (2014) revealed that the majority of multinucleated blastomeres are chromosomally abnormal and so such embryos with multinucleated blastomeres should not be given priority for transfer when mononucleated embryos are identified (Yilmaz et al., 2014) . However, it was also shown that when genetic analysis was performed, multinucleated embryos that are free of genetic abnormalities may be considered normal and transferred if each nucleus in the biopsied blastomere(s) contains diploid sets of all chromosomes tested. Healthy births from such an approach have been documented. Consequently, multinucleation cannot be considered an absolute characteristic of aneuploidy.
It has been documented that cleavage stage embryos which develop outside the projected timings (i.e. are too slow or too fast) are more likely to be karyotypically abnormal and less likely to give rise to a live birth ( , Magli et al., 2007 . However, the focus has recently shifted towards analysis of the blastocyst stage. Alfarawati and colleagues confirmed that a significant proportion of aneuploid embryos were able to develop to blastocysts with the highest morphological grades. Conversely, they demonstrated that some euploid embryos exhibited poor morphology (Alfarawati et al., 2011) . Capalbo and colleagues reported that blastocyst morphology was predictive of embryo karyotype following TE biopsy (Capalbo et al., 2014) . Diagnosis of complex aneuploidy was significantly associated with blastocyst morphology with an incidence of aneuploidy of 6.8%, 15.2%, 17.4% and 27.5% in excellent, good, average and poor quality embryos (P < 0.01), respectively. Fragouli and others also noted that some forms of aneuploidy affected the morphological appearance of blastocysts, but in most cases the effects were subtle. However, they did report that chromosome abnormalities had little if any effect on morphology of the cleavage stages (Fragouli et al., 2014) . More recently it has been documented that abnormalities in the ICM were always associated with aneuploidy. The frequency of aneuploidy was also higher in those blastocysts with an abnormal TE, and for blastocysts in which both cell types were abnormal, there was a doubling in the frequency of aneuploidy (Figueira et al., 2015) .
At time of writing, the data indicate that the chromosomal complement of an embryo has the greatest impact on embryo morphology at the blastocyst stage (Minasi et al., 2016) , but that such differences in morphology are not absolute, and hence at present the analysis of morphology does not represent an alternative to biopsy and genetic analysis for the accurate assessment of ploidy. What is evident, however, is that the frequencies of aneuploidy are significantly less at the blastocyst stage compared with cleavage stage embryos (Adler et al., 2014) , and that euploid embryos are more likely to from blastocysts than their aneuploid siblings (Vega et al., 2014) .
Of interest, Campbell and colleagues were the first to report that the formation of the blastocoel was delayed in aneuploid embryos (Campbell et al., 2013) , a finding recently supported by Minasi et al. (2016) . However, others have failed to confirm such findings (Kramer et al., 2014; Yang et al., 2014; Rienzi et al., 2015) .
Quantification of cellular granularity and textures
If determining the degree of fragmentation or blastomere size and symmetry is considered difficult to standardize, then grading cytoplasmic appearance is a more complex issue entirely. Analysis of cytoplasm may reflect events around fertilization (Payne et al., 1997; Ajduk et al., 2011) and the activity of organelles (Tan et al., 2016) . Encouragingly, the inclusion of such information for analyses could become one facet of the embryo's morphology that can be assessed automatically through computer-assisted analysis of digital images, such as texture and gray scale analysis. Several authors have considered the potential of automation of embryo image analysis. In a pilot study Manna and co-workers used an artificial intelligence system, based on neural networks, to analyze textural patterns in oocytes and cleavage stage embryos (Manna et al., 2013) . Although based on small numbers, the published data revealed interesting classifications. These observations were subsequently developed further by Ryan and colleagues, who made texture measurements of embryos at 5 points during pronucleate oocyte progression up to cytokinesis in euploid embryos. It was observed that difference in texture existed at the time of second polar body extrusion between embryos which subsequently went on to give a fetal heartbeat compared to those embryos that did not establish a pregnancy (Ryan et al., 2015) . Gray level co-occurrence matrices have been used to relate the texture of mouse embryo digital images to the location, function and activity of organelles. Using such approaches it is becoming possible to measure attributes such as smoothness, homogeneity, heterogeneity and entropy. Such measurements could potentially assist in determining the degree of function and activity between individual cells (Tan et al., 2016) .
Morphology and biomarkers : you can't always judge a book by its cover
Although the above discussions support the use of grading system for embryo selection/deselection, there will always be discussions of subjectivity of analysis and the repeatability of such measures. This technical issue aside, how does the appearance of an embryo reflect its physiology? Only a limited number of studies have investigated the relationship between human embryo morphology and associated physiology (Hardy et al., 1990; Gardner et al., 2001 Gardner et al., , 2011 Katz-Jaffe et al., 2006; Dominguez et al., 2015) , and it would appear that looks are not everything. An analysis of blastocysts with the same alphanumeric score, all from the same patient, revealed a wide spread of metabolic activities as determined through the measurement of glucose consumption . Whereas the mean glucose uptake for AA scoring blastocysts was 125.7 pmol per embryo per hour, the range of uptakes was from 78.5 to 173.4 pmol per embryo per hour. Gardner and co-workers went on to examine the association of glucose uptake on Day 4 and Day 5 of human embryo development with their subsequent viability and confirmed that there was a significant positive correlation between blastocyst glucose uptake and subsequent live birth rate. Interestingly, the mean uptake of viable blastocysts with a score of 3AA or 4AA was 187.1 + 28.7, whereas the mean glucose uptake of viable blastocysts, but whose score was less than 3AA, was 186.7 + 28.4, indicating that metabolism as an indicator of viability was independent of morphology. Katz-Jaffe and colleagues (2006) examined the proteome of individual blastocysts of the same alphanumeric grade, and similarly determined that there were discreet differences in the proteome between such human embryos, in alignment with subsequent differences in physiology.
So whereas morphology, and plausibly time-lapse, can be used to deselect embryos in vitro, conceivably the analysis of embryo physiology through non-invasive means will be of value in the prospective selection of the most viable embryos within the cohort. Key biomarkers will include oxygen consumption and glucose utilization, combined with a group of key amino acids, together with the generation of lactate (Gardner et al., 2011; Lee et al., 2015; Picton et al., 2010; Gardner, 2015) . Clearly prospective trials in this area are eagerly awaited, but the technology for such works are not readily available to date. However, with the identification of the key biomarkers, and developments in solid-state sensing and in microfluidic technology, the time is finally approaching when devices capable of single embryo analysis will be available for the routine screening of embryos and the confirmation of putative biomarkers undertaken (Swain et al., 2013; Thouas et al., 2013; Gardner et al., 2015) .
Discussion
With the advent of time-lapse dependent algorithms for embryo deselection, and the excitement created by the growing number of 'OMICS' being developed for single-cell analysis, the significance of quantitating embryo morphology has been somewhat neglected of late. The data reviewed present a case for the inclusion of morphological assessment in the selection/deselection of embryos (Goodman et al., 2016; Liu et al., 2016) . Just as one should not consider the appearance of an embryo without also including time, the converse would also appear true, that it would be prudent to include key morphological features (and not just times of division) of embryos into algorithms initially based on kinetics. Key morphological parameters that should be considered include multinucleation, the relative size/ symmetry of blastomeres, and blastocyst differentiation. All assessment of morphology has a degree of subjectivity. Consequently, the use of computer-assisted embryo grading will in the future assist with reducing variability in assessment.
An issue facing all laboratories, save those that have created their own scoring systems, is which of the many systems described above would be best to use? A step towards solving this conundrum has been the creation of grading systems from working groups of key reproductive societies around the world, including Society for Assisted Reproductive Technology (SART) (Luke et al., 2014) and both Alpha and ESHRE (2011a, b) . However, even if a consensus in embryo grading is utilized, one must always consider the possible effects of specific components of the culture system on embryo morphology.
A question that is commonly asked is 'Why score embryos at all? Why not just grow them to the blastocyst stage and select them then?'. This has been raised because although the cleavage stage characteristics can be predictive for blastocyst formation and subsequent implantation, limitations of such early features on the clinical outcome also exist, as once a good quality blastocyst is formed early cleavage stage morphological characteristics appear to lose their predictive value on implantation (Guerif et al., 2007) . Rehman et al. (2007) suggested that early cleavage parameters are putative markers of embryo quality; however, late-stage embryo development is more sensitive and specific in predicting clinical pregnancy (Rehman et al., 2007) .
Guerif and colleagues later reported no additional advantage of Day 1 and Day 2 score to select the right blastocyst (Guerif et al., 2010) . However, given the fact that aneuploid blastocysts can score very well, including an embryo's history, such as the degree of multinucleation during the cleavage stages, remains of value in assessing blastocysts for transfer. Evidently further studies are required on the transfer of single blastocysts based on their Day 5 score versus a single blastocyst transferred based on key morphological data of the preceding stages. What is evident, however, is that at the cleavage and blastocyst stages of development good morphology is associated with an increase in pregnancy and live birth rates (Oron et al., 2014) .
Metabolic and proteomic data indicate that differences in physiology exist between embryos of the same grade, and hence we still need to go beyond morphology, and to keep researching into biomarkers. However, even armed with quantitative markers of developmental potential in euploid embryos, we envisage that we will still need to include morphology and kinetics in the deselection/selection process. It is plausible that whereas morphology and kinetics are excellent tools for embryo deselection, the analysis of embryo physiology through quantitative assays will be more aligned with embryo selection. In line with this, Lee et al. (2015) reported a relationship between early cleavage events and subsequent blastocyst physiology and viability, supporting the concept of obtaining and using as much information as possible about each embryo prior to transfer (Sakkas and Gardner, 2012) . However, we still await prospective clinical studies in this area. Until such time, assessment of morphology remains a valuable tool in our armoury (Edwards et al., 1984) . Mastenbroek et al. (2011) questioned the need for any embryo selection. Rather they proposed that 'the path of embryo selection is turning into a dead-end in the quest for optimal IVF success rates', and that in the 'perfect world' the best that embryo selection can do is shorten the time to pregnancy. However, without any form of ranking of embryo viability, then their approach involves successive cycles of cryopreservation that will inevitably lead to significant delays in conception. As we face a potential paradigm shift, moving from fresh transfer to cryopreserved cycles in order to replace the embryo into a non-stimulated uterus (Cohen and Alikani, 2013) , we will still need to know the order in which embryos should be selected for transfer. Consequently, even if the only reason to perform embryo selection is to decrease the time it takes for a couple to conceive, then selection remains important. Patients do not consider a reduction in the time to achieve a pregnancy as nonconsequential. IVF has a high drop out rate of between 10% and over 50% (Olivius et al., 2004; Verberg et al., 2008; Van Dongen et al., 2015) . Without some basis for selection for transfer, we condemn patients to successive cycles of retrievals, cryopreservation and replacements. Our collective objective remains to assist couples in having a healthy family sooner than later, not sooner or later .
